Abstract We examined opportunities for avoided loss of wetland carbon stocks in the Great Plains of the United States in the context of future agricultural expansion through analysis of land-use land-cover (LULC) change scenarios, baseline carbon datasets and biogeochemical model outputs. A wetland map that classifies wetlands according to carbon pools was created to describe future patterns of carbon loss and potential carbon savings. Wetland avoided loss scenarios, superimposed upon LULC change scenarios, quantified carbon stocks preserved under criteria of carbon densities or land value plus cropland suitability. , based on biogeochemical model results. Among wetlands vulnerable to conversion, wetlands in the Northern Glaciated Plains and Lake Agassiz Plains ecoregions exhibit very high mean SOC and on average, relatively low land values, potentially creating economically competitive opportunities for avoided carbon loss. This mitigation scenarios approach may be adapted by managers using their own preferred criteria to select sites that best meet their objectives. Results can help prioritize field-based assessments, where site-level investigations of carbon stocks, land value, and consideration of local priorities for climate change mitigation programs are needed.
Introduction
From 1850 to 2000, global land-use change caused a net release of carbon to the atmosphere that represented 28 to 40 % of all anthropogenic carbon emissions, with the greatest source coming from conversion to cropland (Houghton 2010) . Consequently, conservation of lands with high carbon stocks and restoration of degraded lands to sequester carbon and reduce greenhouse gas emissions (GHG) provide options for climate change mitigation in the short term while other technological solutions evolve (Lal 2004) . However, these options compete with continued demand for land-use (USEPA 2005) . We examine future potential demand for agricultural expansion and opportunities for climate change mitigation in the context of wetlands in the United States Great Plains using products from the United States Geological Survey's (USGS) national carbon sequestration assessment of ecosystem carbon stocks, carbon sequestration, and greenhouse-gas fluxes under present conditions and future scenarios (hereafter referred to as the USGS assessment) (Zhu et al. 2010) .
The Great Plains grasslands area has been reduced more than any other ecosystem in North America as a result of increasing agriculture (Samson and Knopf 1994) . This loss has included the reduction of wetland area greater than 50 % in most states (Dahl and Johnson 1991) . Draining wetlands results in lost sequestration capacity as well as oxidation of extant soil carbon pools, both positive radiative forcings (Ramaswamy et al. 2001; Bridgham et al. 2006 ). In the prairie pothole region in the northern Great Plains, for example, agricultural conversion has led to the average loss of 10.1 megagrams per hectare (Mg ha -1 ) of soil organic carbon (SOC) over 16 million hectares (Euliss et al. 2006) .
The potential for new carbon offset projects to mitigate climate change has grown with emerging carbon markets. These projects are considered an opportunity to protect or restore threatened ecosystems that would otherwise be degraded or converted (Ducks Unlimited Inc. et al. 2009; Crooks et al. 2010; Harvey et al. 2010; Climate Action Reserve 2011) . Projects have been proposed for tidal wetlands that include avoided wetland loss, wetland restoration, wetland management and wetland creation, and are based on similar principles established for existing national and international forestry greenhouse gas (GHG) offset protocols (Crooks et al. 2010) . Restoration or creation may be justified in estuarine wetlands where low methane emissions and enhanced sequestration lower net radiative forcing. In freshwater wetlands, outcomes are uncertain; restoration or creation may increase net radiative forcing with increased methane emissions (Bridgham et al. 2006) or may have the potential to become net radiative sinks (Badiou et al. 2011; Mitsch et al. 2012) .
Numerous wetland and grassland habitats on private lands have been protected and restored throughout the Great Plains through programs sponsored by federal, state, and private entities. The most notable programs include the U.S. Department of Agriculture Cropland Reserve Program (CRP) and Wetlands Reserve Program (WRP), the U.S. Fish and Wildlife Service Partners for the Fish and Wildlife Program, and land protection programs of Ducks Unlimited Inc., a non-governmental organization (Badiou et al. 2011 ; USDA Natural Resources Conservation Service 2012). Particular to the Great Plains, DU has partnered in its easement program with the Plains Carbon Dioxide Reduction (PCO 2 R) Partnership, a collaboration of over 80 U.S. and Canada stakeholders to protect 10,643 ha of native grassland in the prairie pothole region under perpetual conservation easements that will be donated to the U.S. Fish and Wildlife Service and will create a bank of SOC (Ducks Unlimited Inc. et al. 2009 ).
Despite these successful efforts to protect and restore wetlands, demand for agricultural development in the Great Plains continues to grow. For example, ethanol production increase of 9 billion gallons between 2000 and 2009 has driven higher demand for corn (Zea mays) (Wallander et al. 2011) . High prices for corn have contributed to large increases in land planted to corn, which at 96.4 million acres (39 million ha) in 2012 was at its highest level since 1937 (USDA National Agricultural Statistics Service 2012a). At the same time, agricultural land value has continued to increase. The average U.S. farm real estate value, adjusted for inflation, increased from $817 in 1969 to $2074 per acre in 2011 (Nickerson et al. 2012) . From 2006 to 2010, cropland cash rents increased $2.50 per acre to $71.00 in the northern plains region of the U.S. (Kansas, Nebraska, North Dakota, South Dakota) and $3.00 per acre to $152.00 in the Corn Belt region of the U.S. (Illinois, Indiana, Iowa, Missouri, Ohio) where slightly more than one half of cash rented cropland acreage in the United States is located. The cash rent paid for pasture in the corn belt region decreased $1.50 to $29.50 per acre, but is the highest cash rent paid for pasture in the U.S. (USDA National Agricultural Statistics Service 2010).
Rising crop prices, emergence of genetically modified crops and new farming techniques have made farming on marginal lands more profitable, increasing the likelihood of their conversion (U.S. Government Accountability Office 2007; Gleason et al. 2011) . At the same time, land costs and suitability for agricultural use are positively correlated, meaning that high quality lands are typically more expensive to acquire for conservation purposes through easements or fee title than low vulnerability sites with poor land quality (Newburn et al. 2005 (Newburn et al. , 2006 Merenlender et al. 2009 ). Research is needed to identify regions suitable for carbon offsets that consider threat of conversion as well as cost (Merenlender et al. 2009 ). By establishing offset programs in lower-cost regions, the overall cost of achieving a given emission reduction goal can be reduced (Kollmuss et al. 2010) .
In this paper we assess future opportunities for climate change mitigation in Great Plains wetlands based on the USGS land-use land-cover (LULC) change scenarios, and consider suitability of land for competing uses. We focus our analysis on opportunities for avoided loss of carbon stocks, given the variability of GHG emission increases associated with the creation and restoration of freshwater wetlands. Our study addresses three main questions: 1) under LULC change scenarios, which wetland SOC and woody biomass carbon pools are potentially impacted, and how do these pools vary by wetland type, region, and land value and suitability for farmland? 2) under two sets of wetland avoided loss scenarios, what is the extent and distribution of wetland SOC and woody biomass pools that could be protected? 3) for geographic regions of the Great Plains and for wetland types with the greatest likelihood of conversion, what is the potential loss in wetland SOC and woody biomass that may occur if mitigation is not implemented based on biogeochemical model results?
Methods

Background on the USGS assessment
Future scenarios of LULC change in the Great Plains of the U.S. have been developed as part of a national carbon sequestration assessment. The assessment, required by the U.S. Congress (Energy Independence and Security Act of 2007) and conducted by the USGS, used a methodology that linked ecosystem carbon models to separate models of wildfires and LULC changes, and produced spatially and temporally explicit carbon stock and flux estimates (Zhu et al. 2010) . Future potential LULC change was based on a set of scenarios from three United Nations Intergovernmental Panel on Climate Change (IPCC) Special Report on Emission Scenarios (SRES) (Nakicenovic and Swart 2000): A2 (emphasizes economic development with a regional focus), A1B (emphasizes economic development with a global orientation), and B1 (emphasizes environmental sustainability with a global orientation) (Zhu et al. 2011) .
To develop LULC change scenarios that were logically consistent with SRES storylines, Sleeter and others (2012) took projected national LULC change data from the Integrated Model to Assess the Global Environment (IMAGE) (Strengers et al. 2004 ) and allocated them to U.S. Environmental Protection Agency (EPA) Level III ecoregions based on landuse histories from the USGS Land Cover Trends project (Loveland et al. 2002) , as well as expert knowledge. The LULC classification scheme of the scenarios closely followed the National Land Cover Database (NLCD) (Vogelmann et al. 2001; Homer et al. 2007 ) and includes broad classes such as cropland, hay/pasture, development, grassland, herbaceous wetlands and woody wetlands.
The USGS used a probabilistic LULC model, FOREcasting SCEnarios of land-use change (FORE-SCE) to distribute future regional LULC change on the landscape for each LULC change scenario (Sohl and Sayler 2008; Sohl et al. 2012 ). The allocation was based on probabilities of occurrence determined by present-day LULC associations with biophysical and socioeconomic characteristics of the landscape, such as slope, elevation, soil carbon, climate and distance to roads and cities. Model outputs are maps of LULC change generated yearly from 2006 to 2050 at a spatial resolution of 250 m.
Carbon dynamics and GHG fluxes between the land and the atmosphere under LULC change, climate change, and land management scenarios were estimated using three ecosystem models: the Erosion-Deposition-Carbon Model (EDCM) (Liu et al. 2003 ), the CENTURY model (Parton et al. 1987 (Parton et al. , 1993 , and a spreadsheet model (Zhu et al. 2010) . Using datasets for LULC change, simulations of areas burned by wildland fires, agricultural land management, climate, and other biophysical data, the three models were run for each of three IPCC-SRES scenarios and for one Global Climate Model (MIROC 3.2-medres) (Zhu et al. 2011) . In this study we utilize outputs from one model -EDCM -because of its approach to modeling soil carbon dynamics.
Study area
The Great Plains region of the U.S. is characterized by a continental climate with cold winters and warm summers, and a moisture gradient that increases from west to east, from less than 380 millimeters (mm) of rain annually to 640 mm. Historically the Great Plains was dominated by native prairie grassland communities defined by this rainfall gradient. In the west, short-grass prairie occurs in the rain shadow of the Rocky Mountains, while mixed-grass prairie occurs in the central Great Plains and tall-grass prairie occurs in the wetter eastern region. Deep, black soils (Mollisols) are dominant in the Great Plains and contain high organic matter in the more humid eastern region. Given that these soils are highly productive, the prairie grasslands are among the largest farming and ranching areas in the world. With agricultural conversion, the short-, mixedand tall-grass prairies now correspond to the western rangelands, the wheat (Triticum spp.) belt and the corn/soybean (Glycine max) regions, respectively (Commission for Environmental Cooperation et al. 2008; Encyclopaedia Britannica Online 2013) . The Great Plains region has been divided into three EPA level II ecoregions, which are each subdivided into four to eight Level III ecoregions (Omernik 1987 (Omernik , 1995 (Fig. 1) (NatureServe 2011; LANDFIRE 2012) . While these wetland types vary by vegetation communities, hydrology and geomorphology, they may also be described and mapped in carbon-relevant terms.
Wetland carbon map
In a synthesis of literature and soils databases, Bridgham and others (2006) estimated the carbon balance of North American wetlands. To make estimates of wetland carbon pools and flux, the Bridgham team considered three categories of wetlands based upon major ecological differences that drive carbon cycling: 1) Peatlands [40 centimeters (cm) or more of surface organic matter with and without permafrost]; 2) Freshwater mineral soil (FWMS) wetlands (less than 40 cm of surface organic matter); and 3) Estuarine wetlands of three types: those dominated by herbaceous vegetation (tidal marshes), mangroves, and unvegetated areas (mud flats).
While estimates of carbon pools and flux were attributed to the land area of each wetland type in the Bridgham study described above, the data were not spatially explicit. We developed a wetland map of the Great Plains ecoregion that differentiates these carbon-relevant wetland types (Fig. 2) . Our wetland map was derived from the USGS assessment baseline landcover Fig. 2 Wetland Carbon Map. Wetlands classified into carbon-relevant classes as described in Bridgham and others (2006) . FWMS freshwater mineral soil data, which was a slightly modified version of the 1992 NLCD (Vogelmann et al. 2001) at 250 meter (m) resolution, and contained two wetland classes -herbaceous wetlands and woody wetlands. We reclassified these wetlands into new classes of herbaceous peatlands, herbaceous FWMS, woody peatlands, and woody FWMS. Peatlands were identified by using the U.S. Department of Agriculture (USDA) Soil Survey Geographic Database (SSURGO) at 250-m resolution to generate a map of the sum of the component percentages for histosols, histic modifiers, and peat and muck (Soil Survey Staff 2009a) . Wetlands pixels with the percentage of peatlands more than 50 % were labeled peatlands. A non-wetland peatland class was also identified for NLCD land covers that were not wetlands, but had peatland characteristics, likely representing areas that were historically wetlands, or are wetlands that have been misclassified as something else.
Scenarios of LULC change
By analyzing the FORE-SCE LULC change model outputs, we identified wetland pixels that were converted to cropland, hay/pasture, or other LULC classes at some time between 2010 and 2050 for SRES A2, A1B and B1. Change in wetland area and proportion of wetlands converted in the 40 year time period were calculated by level III ecoregion and wetland type.
Land attribute data
Wetland pixels converted to other LULC classes in the LULC change model for SRES A2, A1B and B1 were labeled with additional biophysical and economic attributes. The additional attributes included: level II ecoregion, level III ecoregion, year of conversion, LULC class after conversion, SSURGO SOC to 20 cm depth, SSURGO land capability class, live aboveground biomass, non-irrigated cropland cash rent value, and where available, EDCM modeled outputs for SOC to 20 cm and total ecosystem carbon.
SSURGO
The SSURGO database (Soil Survey Staff 2009a) was used to calculate ecologically active stocks of SOC near the surface (0 to 20 cm depths). Where the SSURGO data were incomplete, gaps were filled from the State Soil Geographic (STATSGO2) database (Soil Survey Staff 2009b) . Some attribute errors in horizon depths, component percentages, or missing rock fragment information were corrected with reasonable estimates, to provide the best estimate of the SOC for a given land area. The estimate of SOC for a SSURGO map unit was based on only the wetland components. Soils with a high potential for being wetland or former wetland were selected as those having a soil order of Histosols or a histic modifier in another soil order, or a classification in-lieu of texture of peat or muck. This calculation of SOC stocks represents a good estimate for general conditions in the time during which the database was developed (the 1970s to the 2000s) but does not represent a specific point in time. Details of the SOC calculation from SSURGO data are given by Bliss (2003) .
The SSURGO data on land capability class were used as an indicator of suitability for cropland. Class 1 land has few limitations for cropland, and classes 2 through 4 have moderate to very severe limitations for cropland (e.g., erosion hazard), but even class 4 land may actually be used as cropland. Class 5 has limitations that are difficult to remove (e.g., wetness). Classes 6 to 8 are not suitable for cropland.
The SSURGO data are originally in vector format, and were rasterized to 30 m resolution, and resampled to the 250 m resolution used in this study. Many of the map units are much larger than the 250 m resolution pixels, and wetlands are sometimes a minor component of the landscape. Therefore, although the calculations using the pixel size and the sum of component percentages representing wetlands allow accurate estimates of potential wetland areas, there may be cases in which a particular pixel in the land cover database or FORE-SCE modeling that represents a wetland will not coincide with a SSURGO representation of a potential wetland.
Aboveground live biomass carbon
Aboveground live biomass carbon was modeled for the USGS assessment from USDA Forest Service, Forest Inventory and Analysis (FIA) biomass data (Blackard et al. 2008 ) and NLCD land cover data (Zhu et al. 2011) . These data were used to represent standing woody biomass C stocks in woody wetlands.
EDCM SOC and total ecosystem carbon outputs
We used the EDCM top 20 cm SOC output variable to track change in wetland SOC after conversion to cropland or hay/pasture. We used the EDCM total ecosystem carbon (TEC) output variable to track change in woody biomass C plus SOC after conversion to cropland or hay/pasture (Liu et al. 2003 (Liu et al. , 2012b Zhu et al. 2011 ). EDCM adopts a structure of multiple soil layers to account for SOC dynamics in the whole soil profile and to track the impact of soil erosion and deposition. For the USGS assessment, EDCM was run with a 10×10 systematic subsample factor to ensure adequate time for processing, generating statistics, and calibrating the estimates. Consequently results are based on a systematic sample of 1 % of the total pixels (Liu et al. 2012a ).
USDA cash rents for non-irrigated agriculture
This variable represents an indicator of agricultural land value that is collected in a consistent format across the Great Plains region. The USDA Cash Rents Survey provides the basis for county estimates of the current year's cash rent paid for irrigated cropland, non-irrigated cropland, and pasture (USDA National Agricultural Statistics Service 2012b; USDA National Agricultural Statistics Service 2012c). We used the non-irrigated cropland data for this study because it was a more extensive dataset and available more consistently at the county level than the irrigated cropland dataset.
Carbon stocks impacted
We explored geographical patterns of wetland carbon stocks with the potential for conversion by calculating average SOC and woody biomass C for wetlands converted in the A1B scenario. Average carbon stocks were calculated by wetland type, level III ecoregion, nonirrigated land rent value, and land capability class. We applied this analysis to wetlands converted in the A1B scenario, as this provided the largest dataset of wetlands across a greater extent compared to the other scenarios.
Scenarios of avoided wetland loss
We conducted a sensitivity analysis to understand how the area and distribution of land set aside for wetlands can influence the effectiveness of climate change mitigation opportunities.
Knowing that land area reserved for carbon sequestration and enhancement is limited by competing demands for agriculture, development, and other uses, we developed and analyzed multiple avoided loss scenarios that assigned incremental areal and spatial allocation of land for wetland carbon avoided loss.
To conduct the sensitivity analysis, we generated two sets of avoided loss scenarios that were superimposed on the SRES LULC change scenarios A1B and A2. In each case of the sensitivity analysis we assumed that a certain proportion and criteria of wetlands converted in the SRES LULC change scenarios is prevented from conversion in the avoided loss scenario. The two scenario sets included the carbon scenarios based on SOC and woody biomass C values, and the economic scenarios based on land rent and land suitability values. In the B1, environmental scenario, relatively few wetlands were lost, and so we did not consider avoided loss mitigation in this case. The avoided loss scenarios apply to all wetlands converted in the Great Plains LULC change scenarios A1B and A2 from years 2010 to 2050. Avoided loss of SOC and woody biomass C were calculated for each scenario. Scenarios are described below. 
Economic scenarios
1) Wetlands with the highest cropland rent value: avoidance of a) 10 % and b) 25 % of all wetlands with the largest non-irrigated land rent value and a land capability class of 1 or 2; 2) Wetlands with the lowest cropland rent value: avoidance of a) 10 % and b) 25 % of all wetlands with the lowest non-irrigated land rent value and a land capability class greater than 2.
Wetlands in the economic scenarios were divided based on this land capability reclassification to generate subgroups with relatively equal sample numbers. Using the selected wetlands in each scenario, the average and total sum of wetland SOC and woody biomass C were calculated for each level III ecoregion.
Case studies of potential carbon loss
As a case study, we modeled potential carbon loss from wetland conversion for herbaceous FWMS wetlands and woody FWMS wetlands in the Temperate Prairies only because these groups were subject to the most conversion in the Great Plains. Given that one percent of pixels were included in the EDCM model run, a subset of wetland pixels were characterized with the modeled SOC and TEC outputs. To track changes over time in carbon stocks after conversion, we identified wetland pixels with EDCM outputs that were converted at some point between 2010 and 2020 and remained in the converted land use until 2050 by the LULC change model. For these pixels we calculated the mean and variance of the differences in SOC and TEC (for woody wetland pixels) over 30 years and used them for the analysis.
Results
Scenarios of LULC change
In general, the largest area of wetlands subject to conversion was located in the Temperate Prairies. Wetland losses occur almost exclusively due to agricultural conversion in all ecoregions and all wetland types. In the A1B scenario, the Temperate Prairies lost 228,606 ha, the West-Central Prairies lost 65,383 ha, most of which were herbaceous FWMS wetlands, and the South-Central Prairies lost 47,975 ha, which were predominately woody FWMS wetlands (Table 1 ). The total loss in A1B was 341,964 ha. In the A2 scenario, the Temperate Prairies lost 95,025 ha, the West-Central Prairies lost 27,563 ha, and the South-Central Prairies lost 43,001 ha, for a total loss of 165,589 ha. In contrast, in the B1 scenario the Temperate Prairies experience the greatest gains in wetlands with an increase of 383,463 ha, mostly in herbaceous FWMS wetlands. The West-Central Prairies gained 45,556 ha and the South-Central Prairies gained 77,269 ha, mostly in woody FWMS wetlands.
Carbon stocks impacted
Soil organic carbon
For wetlands converted under the A1B scenario, SOC in the top 20 cm of the soil profile exhibits a strong directional trend from the lowest values in the southwestern-most ecoregions to the highest values in the northeastern-most ecoregions ( Table 2 ). The highest SOC is found in the herbaceous peatlands of the Temperate Prairies, specifically the Northern Glaciated Plains, Lake Agassiz Plain, and Western Cornbelt Plain level III ecoregions. Highest SOC averages range from 160 to 210 MgC ha −1 , with standard errors reaching 14.2 MgC ha −1 . The wetlands with the highest SOC are on land unsuitable for cultivation (land capability class 6-8) with a wide range of land rent values. An exception is a subset of herbaceous peatlands in the Western Cornbelt Plains that have high cropland rent values and have only some limitations to cultivation (land capability class 1-4).
Woody biomass carbon
The distribution of woody biomass C pools is more scattered geographically across the Great Plains, with the highest average values in the Central Great Plains level III ecoregion and the Central Irregular Plains level III ecoregion ( , with standard errors reaching 1.99 MgC ha −1 . These high-biomass woody wetlands, most of which have mineral soils, are generally located on lands unsuitable for cultivation (land capability class 6-8) or have other limitations to their use as cropland (class 5). The exception is woody wetlands in the Central Irregular Plains level III ecoregion with a land capability class of 1 to 4. Cropland rents for the highest biomass woody wetlands span a range from low to high.
Scenarios of avoided loss
Given the potential magnitude of conversion from wetlands to other land uses as defined by the LULC change model outputs, it is uncertain what factors will influence decisions regarding 
Carbon scenarios -wetlands with the highest SOC stocks
In these cases, wetlands with SOC in the highest 10th percentile and highest quartile of all wetlands converted in the A1B and A2 scenarios were selected for avoided loss. For the highest quartile case, 12.6 teragrams of carbon (TgC) are protected in A1B and 7.0 TgC are protected in A2. These wetlands are predominantly found in the Temperate Prairies, with most located in the Northern Glaciated Plains level III ecoregion (6.2 TgC; A1B upper quartile scenario) (Table 4) . Of these selected Northern Glaciated Plains wetlands, approximately 90 % were herbaceous FWMS for both scenarios and percentiles, and the remaining were divided between herbaceous peatland and woody FWMS wetlands. The , found in the Lake Agassiz Plain for the upper 10th percentile A1B case (Fig. 3) .
Carbon scenarios -wetlands with the lowest SOC stocks
In these cases, wetlands with SOC in the lowest 10th percentile and lowest quartile of all wetlands converted in the A2 and A1B scenarios were selected for avoided loss. In the lower quartile case, 2.3 TgC are protected in A1B and 1.3 TgC are protected in A2. When examining the wetlands with the lowest carbon stocks, level III ecoregions in the WestCentral and South-Central Semi-Arid Prairies are consistently ranked as having the greatest area of low-carbon wetlands. Maximum avoided loss for low SOC stocks were in the Central Great Plains in the lowest 10th percentile case (0.08 TgC; A1B scenario) and the Nebraska Sand Hills in the lowest quartile case (0.45 TgC; A1B scenario). The Central Great Plains wetlands were 95 % woody FWMS wetlands and the Nebraska Sand Hill wetlands were entirely herbaceous FWMS wetlands.
Carbon scenarios -wetlands with the highest woody biomass C stocks
In these cases, wetlands with woody biomass C in the highest 10th percentile and highest quartile of all wetlands converted in the A2 and A1B scenarios were selected for avoided loss. For the upper quartile case, 0.55 TgC are protected in A1B and 0.34 TgC are protected in A2. Again, these wetlands are predominantly found in the Temperate Prairies, with most located in the Central Great Plains level III ecoregion (0.42 TgC; upper quartile A1B scenario) ( Table 5 ). The highest ecoregional average woody biomass C was 101.27±1.17 MgC ha For each avoided loss scenario (columns) and Special Report on Emission Scenario (rows), sum total avoided loss of SOC in the top 20 cm (TgC) is subset by level III ecoregion the Southwestern Tablelands for the upper 10th percentile A1B case (Fig. 3) . All of these wetlands are woody FWMS wetlands. ) by level III ecoregion and Special Report on Emission Scenarios A1B and A2 for wetlands selected in each carbon scenario (avoided loss of wetlands with the highest and lowest carbon stocks). a Average soil organic carbon content; b average woody biomass carbon content. Hatch marks represent the ecoregion with the highest average carbon content For each avoided loss scenario (columns) and Special Report on Emission Scenario (rows), sum total avoided loss of carbon in woody biomass carbon (TgC) is subset by level III ecoregion In these cases, wetlands with woody biomass C in the lowest 10th percentile and lowest quartile of all wetlands converted in the A2 and A1B scenarios were selected for avoided loss. For the lower quartile case, 0.16 TgC are protected in A1B and 0.09 TgC are protected in A2.
Economic scenarios -wetlands with the highest cropland rent value and land capability
In these cases, wetlands with rent value in the highest 10th percentile and highest quartile of all wetlands converted in the A2 and A1B scenarios were selected for avoided loss. Within the highest quartile of land rents, 3.3 Tg SOC and 0.20 Tg woody biomass C are protected in A1B and 1.8 Tg SOC and 0.12 Tg woody biomass C are protected in A2. The Western Cornbelt Plains held the greatest wetland SOC stocks and greatest woody biomass C stocks for both SRES scenarios and high percentile cases (SOC: 2.5 TgC, woody biomass C: 0.20 TgC, upper quartile A1B scenario) (Tables 4 and 5 ). The highest ecoregional average SOC was 78.46±0.81 MgC ha −1 , found in the Western Cornbelt Plain for the upper 10th percentile A1B case (Fig. 4) . The highest average woody biomass C was 19.39±0.20 MgC ha
, found in the Western Cornbelt Plain for the upper 10th percentile A1B case (Fig. 4) . Most of these SOC stocks were held in herbaceous FWMS wetlands (54 % for the upper 10th percentile, 53 % for the upper quartile). The remaining SOC stocks were found in woody FWMS wetlands (47 % for both upper 10th percentile and quartile). Most (95 %) of the woody biomass C stocks were held in woody FWMS wetlands.
Economic scenarios -wetlands with the lowest cropland rent value and land capability
In these cases, wetlands with rent value in the lowest 10th percentile and lowest quartile of all wetlands converted in the A2 and A1B scenarios were selected for avoided loss. Within the lowest quartile of land rents, 2.7 TgC SOC and 0.28 TgC woody biomass C are protected in A1B and 1.4 TgC SOC and 0.19 TgC woody biomass C are protected in A2. For the lower 25th percentile land value, A1B case, the Northern Glaciated Plains held the greatest SOC stocks (1.17 TgC) and the Northwestern Glaciated Plains held the greatest woody biomass C stocks (0.093 TgC). The Western Cornbelt Plains, a region of high land rent, did not contain any wetlands meeting the criteria for the low land rent scenarios.
Case studies of potential carbon loss
The average annual SOC loss, during 30 years of conversion, is 0.20±0.15 megagrams of carbon per hectare per year (MgC ha −1 yr −1 ) in the A1B scenario and 0.21±0.23 MgC ha −1 yr −1 in the A2 scenario (Fig. 5) . The average SOC loss after 30 years conversion is 6.11 MgC ha −1 in the A1B scenario and 6.32 MgC ha −1 in A2 scenario. The total loss of SOC in the Temperate Prairies is 0.88 TgC in the A1B scenario and 0.32 TgC in the A2 scenario. The greater wetland area converted in the A1B scenario is the major cause of greater SOC loss in A1B scenario.
The average annual TEC loss is larger than the SOC loss during 30 years of conversion due to the removal of woody biomass C (Fig. 5) 
Discussion
The approach taken in this study to inform climate mitigation strategies is distinguished by 1) the consideration of climate mitigation in the context of LULC change projections, 2) the consideration of competing demands for land use indicated by land capability class and land rents, and 3) the spatial distribution of climate mitigation potential. The application to wetland ecosystems characterized in carbon relevant terms adds to the uniqueness of this effort. By way of example, Eagle and others (2012) produced mitigation potential results for agricultural ecosystems based on current land use with few restrictions on the implementation of strategies, and average rates of carbon sequestration and GHG emission reductions for each mitigation strategy. While competing demands for land use, as indicated by land capability and/or rent is not a novel idea (Lubowski et al. 2006; Niu and Duiker 2006) , such analyses have concerned forest ecosystems and not wetland ecosystems known for large carbon pools. In contrast our approach examines the spatial variability of wetland carbon stocks vulnerable to conversion and mitigation potential within a region. This approach, using USGS assessment data may also be applied to other ecosystems such as forests and grasslands, where avoided loss and restoration can also serve as a promising mitigation strategy (Gebhart et al. 1994; Potter 2006; Sauer et al. 2011) .
The LULC change results for the Great Plains ecoregion show that high standards of living and technological innovation in the A1B scenario led to high demand for cultivated crops for food and feed, and land devoted to biofuels, including both traditional biofuels and cellulosic biofuels after 2025 (shown by expansion in the "hay/pasture" class) . The A2 scenario assumptions of higher population pressures and lower use of biofuels resulted in less hay/pasture expansion and more cultivated crop expansion than the A1B scenario. The B1 scenario also showed agricultural expansion, although at a much ) by Special Report on Emission Scenario (A2 and A1B), as modeled by the ErosionDeposition Carbon Model lower magnitude than the A scenarios. Agricultural expansion was concentrated in a few central Great Plains ecoregions, and this scenario included restoration of wetlands, primarily in the northern Great Plains .
Wetland loss in the A1B and A2 scenarios exhibit similar general patterns in wetland loss, both geographically and thematically, by the year 2050. Geographically, wetland loss is highest in the Temperate Prairies, particularly in the Northern Glaciated Plains and Lake Agassiz Plains level III ecoregions. The West-Central Semi-Arid Prairies experienced the second highest wetland loss, with losses concentrated in the Northwestern Glaciated Plains and the eastern part of the Nebraska Sandhills. Wetland losses are lower, scattered, and local in the South-Central Prairies. The primary differences between A1B and A2 include a significantly higher magnitude of wetland loss in A1B, approximately 60 % higher than wetland losses in the A2 scenario (Table 1) . Loss of wetland to hay/pasture is proportionally higher in A1B than in A2, due to increased production of cellulosic-based ethanol in the A1B scenario [with cellulosic-based feedstocks such as switchgrass (Panicum virgatum) or Miscanthus sp. classed as hay/pasture]. Woody wetland loss is actually higher in A2 in the South-Central Prairies than it is in the West-Central Semi-Arid Prairies. Other geographic and thematic patterns of change are similar. However, it is important to note that this study only considered changes through the year 2050 and not the full IPCC-SRES projection period through 2100, where the A2 scenario experienced very high rates of agricultural intensification in the Great Plains Sohl et al. 2012) . It is likely that the large demand for agricultural in the latter half of the 21st century would lead to much larger declines in wetland carbon across all wetland carbon classes for A2 compared to the A1B scenario.
In the carbon and economic scenarios for avoided carbon loss, patterns are also roughly similar between A1B and A2, with the magnitude of carbon "savings" higher in the A1B scenario. According to the criteria of our avoided loss scenarios, across the Great Plains, SOC savings are higher than avoided loss of woody biomass C, primarily due to the greater extent of herbaceous wetlands in the region and therefore greater pools within the top percentiles that we investigated. While the cumulative avoided loss of herbaceous FWMS wetlands contributes most to carbon savings, the highest SOC is found in the herbaceous peatlands of the Northern Glaciated Plains and Lake Agassiz Plains.
Given the lower amount of wetland loss and the lower mean SOC in the South-Central Prairies, the Temperate Prairies and West-Central Prairies are likely the most suitable locations to maximize avoided carbon loss. However, when examining the results of the economic scenarios, high cropland rents in parts of the Temperate Prairies and West-Central Prairies may make avoided loss economically infeasible in some areas. For example, the Western Corn Belt Plains offers significant carbon savings in the high carbon scenarios, but the dominance of the ecoregion in the high land-value economic scenarios demonstrates that avoided loss in the ecoregion would come with a significant economic cost. Like the Western Corn Belt Plains, the Northern Glaciated Plains and Lake Agassiz Plains exhibit very high mean SOC (Table 3) . These two ecoregions also provide significant carbon savings through avoided loss in the high carbon scenarios, yet when compared to the Western Corn Belt Plains in the economic scenarios, land rents are, on average, lower, which may create more economically competitive opportunities for avoided carbon loss.
Between the A1B and A2 scenarios, the much higher demand for agricultural land use in the A1B scenario likely make avoided loss less feasible than in A2, especially in the early decades of this century. In A1B, even many marginal agricultural lands are converted to cropland or hay/pasture, resulting in relatively few suitable, alternative locations for establishment of agricultural land, in lieu of wetland conversion. Lowered demand for agricultural land use in A2 will likely result in more alternative choices for establishing new agricultural fields than in A1B, allowing for increased opportunities for avoided loss through conservation of wetlands. In the A1B scenario, conversion of wetlands to hay/pasture is proportionally higher than in A2, and because of this increased demand, and because of the lower value of pastureland compared to cropland, strategies for wetland avoided loss may need to target lands suitable for this specific LULC conversion. These strategies may be suitable in the Northern Glaciated Plains and the eastern part of the Nebraska Sandhills, where wetland conversion to hay/pasture occurs frequently in the A1B scenario (and to a lesser extent, in the A2 scenario), and where mean SOC offers potentially significant carbon savings.
The SOC loss (~6 MgC ha
) from wetlands simulated by EDCM is about 60 % of the SOC loss (10.1 Mg ha −1 ) estimated from the field studies in the prairie pothole region (Euliss et al. 2006) . The lower SOC loss estimated by EDCM was expected because the simulation scenario was set up with optimized management practices on croplands to reduce SOC loss. The assessment assumed that conservation tillage (leaving the previous year's crop residue on fields) would be applied on converted cropland to minimize soil erosion on the surface and maximize crop residue returns. These assumptions are different than the actual management practices performed in the field from past decades. Historically when wetlands were converted to croplands, excess water was removed by open ditching, tile drainage or both in this region (Dahl and Johnson 1991) , which increased soil erosion (Newson 1980; Holden 2006) . Conventional tillage (disking or plowing crop residue left after the harvest) was the dominant tillage applied in this region before 1990s (West et al. 2008) , and carbon sequestration rates on cropland under conventional tillage are lower than on cropland under conservation tillage in the long term (West and Post 2002; Ogle et al. 2005) . Thus, the conversion of wetlands with mineral soil to croplands will likely lose more SOC than our estimates in these scenarios.
Here we present EDCM-simulated SOC change on wetlands with mineral soils. Wetlands with organic soil may lose much greater SOC upon cropland conversion. A synthesis study concluded that the SOC loss rate of organic soil is 11±2.5 MgC ha −1 yr −1 for cool temperate regions and can be as high as 14±2.5 MgC ha −1 yr −1 for warm temperate regions after land use change (Ogle et al. 2003) . The default annual emission factors used by IPCC for cultivated organic soil ranged between 5 and 20 MgC ha −1 yr −1 in different climatic regions (IPCC 2006) . These high loss rates are greatly attributed to enhanced soil decomposition when the organic soil environment is converted from anaerobic to aerobic after drainage (McLatchey and Reddy 1998; Couwenberg et al. 2010) . Wind and water erosion may also cause substantial loss of SOC on these wetlands but field measurements are not yet available to assess these impacts.
There are multiple potential sources of error in the estimates provided here, due to the land-cover mapping and modeling methodologies that were used. The NLCD was selected as baseline LULC data for the USGS assessment and our wetland maps because it serves as a consistent, moderate resolution map for the U.S. with LULC classes suitable for modeling ecosystem change. The NLCD was derived from Landsat satellite imagery and ancillary data. For wetlands, more detailed National Wetlands Inventory Maps (NWI) were applied where available. Where NWI was lacking, modeling was used to estimate wetlands in these localized areas (Vogelmann et al. 1998a, b) . However satellite imagery is less able to detect small or long and narrow wetlands (Ozesmi and Bauer 2002) , and prairie potholes, for example, can be less than one acre (0.4 ha) in size, smaller than our mapping unit of 6.25 ha (Euliss et al. 1999 ). In addition wetland boundaries are dynamic and fluctuate both inter-and intra-annually depending on factors such as rainfall, evaporation, groundwater flow and land use manipulation (Corcoran et al. 2011) . As a result, wetland map accuracies in NLCD are lower than other LULC classes, and accuracies are more spatially variable.
Outside of baseline data used for this work, the scenario construction process and the spatial modeling introduce a significant source of uncertainty. Each scenario represents but one possible future, an interpretation of the future landscape under a defined set of socioeconomic and biophysical conditions. The use of multiple scenarios is meant to bound overall uncertainty in future LULC proportions. The spatial model itself introduces another potential source of uncertainty as it ultimately controls the spatial configuration of LULC projections. Initially in the modeling process, variation in spatial allocation of LULC may outweigh scenario differences, but as the simulation period increases, differences in scenarios emerge and become increasingly important . Given sources of pixellevel uncertainty in baseline data and modeling, we report findings at the level III ecoregion scale.
At the ecoregion scale, we identify wetland regions across the Great Plains that are vulnerable to loss across multiple future scenarios, as well as the average carbon stocks and land values of these regions. Our results highlight regions where there are potential opportunities for the climate change mitigation strategy of wetland avoided loss, as well as regions where constraints may exist due to high demand for agriculture and high land value. In the Great Plains, numerous organizations are partnering to establish an SOC bank through acquisition of conservation easements (Ducks Unlimited Inc. et al. 2009 ). Consideration of threat of conversion, as well as cost and biological benefits (such as carbon) has been shown to be a successful strategy for maximizing the avoided loss of these benefits (Newburn et al. 2005 (Newburn et al. , 2006 Merenlender et al. 2009 ). Our analysis presents a coarse-scale assessment of regional wetland avoided loss potential across a large area. Results can help prioritize field-based assessments, where site-level investigations of carbon stocks, land value, and consideration of local priorities for climate change mitigation programs are needed.
